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Abstract
Objectives The aim of this study was to evaluate the cytotox-
icity and the influence of bleaching agents on immunological-
ly cell surface antigens of murine macrophages in vitro.
Materials and methods RAW 264.7 cells were exposed to
bleaching gel extracts (40% hydrogen peroxide or 20% car-
bamide peroxide) and different H2O2 concentrations after 1
and 24-h exposure periods and 1-h exposure and 23-h recov-
ery. Tests were performed with and without N-acetyl cysteine
(NAC) and buthionine sulfoximine (BSO). Cell viability was
determined by MTT assay. The expression of surface markers
CD14, CD40, and CD54 with and without LPS stimulation
was detected by flow cytometry, while the production of
TNF-α was measured by ELISA. Statistical analysis was per-
formed using the Mann-Whitney U test (α = 0.05).
Results Extracts of bleaching agents were cytotoxic for cells
after a 1-h exposure; cells could not recover after 24 h. This
effect can be mitigated by the antioxidant NAC and increased
by BSO, an inhibitor of glutathione (GSH) synthesis. LPS
stimulated expression of all surface markers and TNF-α pro-
duction. Exposure to bleaching agent extracts and H2O2 leads
to a reduction of TNF-α, CD14, and CD40 expression, while
the expression of CD54 was upregulated at non-cytotoxic
concentrations. Whereas NAC reduced this effect, it was in-
creased in the presence of BSO.
Conclusions Extracts of bleaching agents were irreversibly
cytotoxic to macrophages after a 1-h exposure. Only the ex-
pression of CD54 was upregulated. The reactions are mediat-
ed by the non-enzymatic antioxidant GSH.
Clinical relevance The addition of an antioxidant can down-
regulate unfavorable effects of dental bleaching.
Keywords Cytotoxicity . Immunology . Dental bleaching .
Cytokines . Hydrogen peroxide
Introduction
Tooth whitening has become widespread in dentistry, espe-
cially after the introduction of home bleaching procedures in
the 1980s of the last century [1]. Hydrogen peroxide is the
most commonly used bleaching agent [2], applied directly or
as released from sodium perborate or carbamide peroxide [3].
Whitening is achieved due to the permeability of dental hard
tissues for bleaching substances, such as hydrogen peroxide
[4]. The oxidation of chromogens by hydrogen peroxide re-
sults in less or non-colored compounds [5]. However, a con-
sequence of this permeability is the diffusion of hydrogen
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peroxide towards the dental pulp [2, 6, 7]. The amount of
H2O2 reaching the pulp chamber after 40 min of exposure to
a 38% hydrogen peroxide bleaching substance was reported to
be 2.15 μg (± 0.22 μg) in a human teeth model with 3–3.5-
mm enamel and dentin thickness [8].
While some authors consider the use of bleaching agents a
safe procedure [9], others believe that hydrogen peroxide may
irritate tissues like the dental pulp. Tooth sensitivity after tooth
bleaching has been reported consistently, which, however,
normally disappears within a few days or weeks [10]. In cell
culture experiments, it was shown that 0.36 ± 0.04 mmol/l of
H2O2 exposure for 24 h caused a 50% decrease of human
gingival fibroblasts [11] and 0.22 + 0.03 mmol/l in rat kidney
tubules [12]. Cell viability of human gingival fibroblasts was
also decreased by half after 90-s exposure to 15% H2O2 [13].
Using odontoblast-like cells (MDPC-23) in an artificial
pulp chamber with an enamel/dentin thickness of 5.6 mm, it
could also be shown that hydrogen peroxide in concentrations
of 35% may cause cell damage, reducing cell viability and
alkaline phosphatase activity (ALP) [14]; moreover, a similar
study showed that this bleaching agent was able to produce
severe morphological alterations in this cell line and only cell
membrane remnants were observed in cell-free areas, showing
that local toxicity caused the death of a large number of
MDPC-23 cells [15, 16].
Hydrogen peroxide is able to interact directly with
DNA, causing oxidative damage at concentrations of
125, 250, and 500 μM in mouse leukemia cells, and a
concentration of 500 μM hydrogen peroxide was shown
to induce nucleosomal DNA fragments indicative of ap-
optotic cell death [17]. Moreover, 250 μM of hydrogen
peroxide induced loss of viability in respiratory epithelial
cells, associated with DNA damage and reduction in ATP
content, which was related with necrotic cell death [18].
According to Filho et al., the exposure of 10% carbamide
peroxide to oral epithelium may not cause but may ac-
celerate non-detected in situ carcinomas [19]. However,
according to IARC [20], hydrogen peroxide is not clas-
sified as a carcinogen to humans (group 3), considering
that there is inadequate evidence in humans and limited
evidence in experimental animals for the carcinogenicity
of this agent.
Some studies reported an association of oxidative
stress with inflammation [21, 22]. The inflammatory re-
sponse is a main body’s defense mechanism [23].
Macrophages play an important role in this process, ini-
tiating and maintaining the immune responses, including
degradation of extracellular matrix by producing a large
number of matr ix meta l lopro te inases and also
chemoattractants that recruit additional leukocytes and
secret different cytokines, such as tumor necrosis
factor-α (TNF-α) [24, 25]. In the context of the defense
against pathogenic bacteria, certain pattern recognition
receptors like the TLR4 system are able to identify lipo-
polysaccharides (LPS) from gram-negative bacterial cell
walls and to eliminate bacteria through the activation of
the immune system. To initiate the corresponding intra-
cellular reaction cascade, additional cell surface receptors
such as CD14 are necessary to induce the activation in
response to LPS. LPS binding to its receptor CD14/
TLR4 initiates a complex signaling cascade, which leads
to the activation of several transcription factors that con-
trol macrophage activation [26, 27]. Macrophages also
act as important accessory cells in the activation of the
adaptive immune system by behaving as antigen-
presenting cells (APCs). The antigen-presenting process
requires the expression of major histocompatibility com-
plex (MHC) class II molecules and costimulatory mole-
cules like CD80, CD86, or CD40, since the induction of
an effective T cell response is a result of MHC/T cell
receptor interaction and costimulatory molecules on T
cells and macrophages. CD54 (= ICAM 1) is important
in leukocyte traffic (transendothelial migration to sites of
inflammation), functioning as a costimulatory molecule
for T cell activation. Its expression is upregulated in
response to inflammatory mediators, including proin-
flammatory cytokines, hormones, and cellular stresses
[28, 29].
In previous studies [30], we evaluated the expression of
cell surface markers and the release of the pro-inflammatory
cytokine TNF-α in response to the exposure of LPS-
stimulated macrophages to monomers of dental resin compos-
ites. Interestingly, the monomers reduced LPS-induced ex-
pression of TNF-α and CD14 at non-cytotoxic concentrations,
but increased the expression of CD54. In other studies [31,
32], the same monomers increased the concentration of reac-
tive oxygen species (ROS) and possibly hydrogen peroxide in
particular. In these studies, RAW 264.7 mouse macrophages
were used because of their relevant function in inflammation
processes [33]. Glutathione (GSH) as a major non-enzymatic
antioxidant is essential to reduce cellular oxidative stress and
maintain cellular redox balance [34]. The GSH concentrations
can experimentally be reduced by buthionine sulfoximine
(BSO), which selectively inhibits of GSH synthesis [35]. On
the other hand,N-acetyl cysteine (NAC) is a precursor of GSH
synthesis and acts as an antioxidant by itself counteracting
increasing concentrations of ROS [35].
Although a number of studies have shown cell damaging
effects of hydrogen peroxide-based bleaching agents [36], lit-
tle information is available on the direct influence of bleaching
agents on essential functions of cells of the immune system.
Therefore, we hypothesized that peroxides and related dental
bleaching agents could interfere with the expression of cell
surface antigens essential for cell communication and adhe-
sion as well as the production of the pro-inflammatory cyto-
kine TNF-α in murine macrophages. Furthermore, the role of
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oxidative stress in these processes was investigated using the
antioxidant NAC and BSO as an inhibitor of GSH synthesis.
Material and methods
Test materials
In this study, the following substances were used: N-acetyl
cysteine (Sigma GmbH, Steinheim, Germany), L-buthionine
sulfoximine (Sigma GmbH, Steinheim, Germany), TEGDMA
(triethylene glycol dimethacrylate, Sigma GmbH, Steinheim,
Germany), hydrogen peroxide (H2O2) stock solution of 10%,
(Pharmacy, University Hospital Regensburg, Germany), and
lipopolysaccharide (LPS, Escherichia coli, serotype 055:B5,
Sigma GmbH, Steinheim, Germany). Hydrogen peroxide
stock solution was stored in the dark at 4 °C and freshly
prepared each week. Two bleaching gel products have been
tested; for composition and manufacturer information, see
Table 1. The design of the study with the experimental and
the reference groups as well as the exposure scenarios and the
endpoints measured is shown in Fig. 1.
Cell cultures and extract preparation
RAW 264.7 mouse macrophages (ATCC TIB71) were
kept in routine culture in RPMI 1640 medium containing
L-glutamine, sodium-pyruvate, and 2.0 g/l NaHCO3 sup-
plemented with 10% fetal bovine serum (FBS) and peni-
cillin-streptomycin. In order to obtain conditioned medi-
um (= extract), the bleaching agents were covered with
complete cell culture medium for 1 h at 37 °C at a ratio
of 4 g per 20 ml (0.2 g per 1 ml) of fresh medium, ac-
cording to the American Society for Testing Materials
(ASTM) [37] and ISO 10993-5 [38]. The material in the
conditioning medium was vortexed and then centrifuged
at 14,000 rpm for 1 min to form a pellet on the bottom.
The supernatant, which did not show any visible color
change, was used as the material extract immediately after
preparation to prepare serial dilutions in cell culture me-
dium. H2O2 was diluted from the 10% stock solution in
cell culture medium.
Cytotoxicity
In total, 2 × 103 cells were seeded into each well of a 96-
well plate (Sigma-Aldrich, Germany) and incubated for
48 h at 37 °C in a humidified atmosphere containing 5%
CO2. The unconditioned medium was removed, and cell
cultures were then exposed to 200 μl of serial dilutions of
the bleaching agent extracts (20% CP and 40% HP) or
culture medium as a negative control. Various concentra-
tions of hydrogen peroxide were used as a positive con-
trol. The experiments were performed both in the pres-
ence or in the absence of 5 mM NAC added 1 h before
exposure or 50 μM BSO (L-buthionine sulfoximine)
added 20 h before exposure. Cells were exposed to the
extracts (1) for 1 h, (2) for 24 h, and (3) for 1 h, replaced
by fresh media and incubated for further 23 h (1 h plus
23-h recovery period). Cell viability was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) assay. For this, the medium was replaced
by 100 μl/well of a solution of MTT (Sigma, Steinheim,
Germany) (0.5 mg/ml) in phosphate-buffered saline
(PBS), and cells were incubated at 37 °C for 1 h in a
5% CO2 atmosphere. The MTT solution was removed
and replaced by 100 μl/well of DMSO for 20 min, and
then, optical density in each well was measured spectro-
photometrically (Infinite F200; Tecan, Crailsheim,
Germany) at a wavelength of 540 nm. Optical density
readings from cultures exposed to extracts or H2O2 dilu-
tions were normalized to untreated control cultures (=
Table 1 Composition of tested
bleaching gels, information
provided by the manufacturers
Bleaching gel composition
Opalescence PF 20% Opalescence Boost 40%
Ultradent Products, South Jordan, Utah, USA
(Lot L092)
Ultradent Products, South Jordan, Utah, USA)
(Lot 138237)
20% Carbamide peroxide 40% Hydrogen peroxide
Potassium nitrate 3% Potassium nitrate
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100%) and are reported as relative optical density. In each
experiment, 8 wells were used for each treatment and at
least three independent experiments were performed.
Medians and the upper and lower quartile (25/75 percen-
tiles) were computed and statistically analyzed using the
Mann–Whitney U test (SPSS 20.0, SPSS, Chicago, IL,
USA) for pairwise comparisons among groups at the
α = 0.05 level of significance. For multiple comparisons,
the Error Rates method was applied.
For each dilution series, relative optical density values were
fitted to linear, general, non-linear, and transition equations
(TableCurve 2D V 5.01, SYSTAT Software Inc., San Jose,
CA, USA). From fitted curves, the concentration at which
50% of cells survived (EC50) was derived together with cor-
responding 95% confidence limits. Fits with a correlation co-
efficient r2 ≥ 0.8 were considered. Differences between the
EC50 values were statistically analyzed using the Tukey inter-
val method.
Flow cytometry
A suspension of 5 × 104 cells in 3 ml of culture medium was
plated into each well of a 6-well plate and incubated for 48 h at
37 °C in a humidified atmosphere containing 5% CO2. Then,
cells were exposed to different dilutions of extracts of the
bleaching agents (20% CP and 40% HP) and of H2O2 in the
presence and absence of 5 mM NAC or 50 μM BSO as de-
scribed above. In some experiments, cells were also exposed
to LPS at 0.1 μg/ml (Escherichia coli, serotype 055:B5,
Sigma GmbH, Steinheim, Germany) in order to stimulate
the expression of immune cell surface markers or TNF-α.
After 24-h incubation, cells were washed and suspended in
FACS buffer (1× CMF-PBS, 1% FBS, 0.1% NaN3).
Expression of cell surface markers was analyzed by flow cy-
tometry. Cell staining was performed using FITC-conjugated
or PE-conjugated monoclonal antibodies (mAbs; BD
Pharmingen, Heidelberg, Germany): anti-mouse anti-CD14
(clone rmC5-3), anti-mouse anti-CD40 (clone 3/23), and
anti-mouse anti-CD54 (clone 3E2). Cells were stained with
trypan blue (1:10) to assess cell vitality. Cells were incubated
with mAbs for 30 min at 4 °C or trypan blue for 5 min. After
washing and suspension in FACS buffer, stained cells were
analyzed by FACSDIVA software. Each treatment was per-
formed in at least four independent experiments with each
data point acquired from at least 2 × 104 cells. For each exper-
iment, surface antigen expression was determined from mean
fluorescence intensities normalized to untreated LSP-
stimulated controls (2 × 104 = 100%). Medians and the upper
and lower quartile (25/75 percentiles) were calculated and
were statistically analyzed using the Mann–Whitney U test
(SPSS 20.0, SPSS, Chicago, IL, USA) for pairwise compari-
sons among groups at the α = 0.05 level of significance. For
multiple comparisons, the Error Rates method was applied.
Production of TNF-α
The production of the cytokine TNF-α was determined in the
same cultures analyzed for surface antigen expression. Cell
culture supernatants were collected, and amounts of TNF-α
were determined using ELISA kits (BD Pharmingen,
Heidelberg, Germany) according to the manufacturer’s in-
structions. All plates were read in a multi-well spectrophotom-
eter (Infinite F200; Tecan, Crailsheim, Germany), using
Magellan version 6.2 software. The lower detection limits
Fig. 1 Study design with the
experimental and the reference
groups as well as the exposure
scenarios and the recorded
endpoints
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using standard curves were 15.7 pg/ml. Relative amounts
of cytokines were calculated from individual values
obtained in four independent experiments and normalized
to LPS-treated cell cultures (= 100%). Medians and the
upper and lower quartile (25/75 percentiles) were calcu-
lated and were statistically analyzed using the Mann–
Whitney U test (SPSS 20.0, SPSS, Chicago, IL, USA)
for pairwise comparisons among groups at the 0.05 level




Dilutions of original extracts of bleaching agents and the
H2O2 were cytotoxic on RAW 264.7 cells, and the extent of
effects varied between the materials, their dilutions, and addi-
tives used. As expected, higher concentration of extracts of the
bleaching agents caused a higher reduction in cell viability as
is shown exemplarily for the 1-h exposure in Fig. 2a. The
EC50 data, which represent the equitoxic concentrations/
dilutions of the extracts for 50% reduction in cell viability,
was for the 40% hydrogen peroxide bleaching gel more than
16 times (1-h exposure, 0.000864 vs. 0.0142) or 32 times
(24-h exposure, 0.000393 vs. 0.0103) lower than the EC50
for the 20% carbamide peroxide gel (extract dilutions)
(Fig. 2b). The EC50 for H2O2 under these test conditions
ranged at 0.0089%. EC50 for the test extracts and of H2O2
did not significantly or only slightly differ between the 1-h
exposure/23-h recovery on the one side and the 24-h exposure
on the other (Fig. 2b). These results show that cells after 1-h
exposure did not recover from treatment under these experi-
mental conditions. The addition of the antioxidant NAC did
considerably increase the viability of the cells at the given
concentrations, whereas BSO decreased the viability
(Fig. 2a). This is also apparent from the EC50 data (Fig. 2b).
The differences between the EC50 concentrations from expo-
sures with and without NAC were statistically significant. On
the other side, the GSH inhibitor BSO reduced significantly
the EC50 indicating an increase in cytotoxicity for the 40%
hydrogen peroxide gel and the H2O2 (Fig. 2b).
Cell surface markers
Only small amounts of CD14 and CD40 could be detected
without LPS stimulation (data not shown). LPS stimulated
the expression of all measured cell surface markers especially
CD14 and CD40 (Fig. 3a, b). After exposure of the LPS-
stimulated cells with H2O2, CD14 expression was reduced to
non-detectable levels at concentrations of 0.005% H2O2
(Fig. 3a). An extract dilution of 1:100 of the 20% carbamide
peroxide bleaching gel caused total depression of CD14 ex-
pression, as did an extract dilution of 1:1000 for the 40%
hydrogen peroxide gel (Fig. 3a). Similar results were observed
for the LPS-stimulated expression of CD40 (Fig. 3b). Results
for CD54 expression for both, with and without LPS stimula-
tion, are shown in Fig. 4. Again, a decrease of CD54 expres-
sion can be observed for H2O2 at the 0.005% level, especially
without LPS stimulation and for cytotoxic concentrations of
the bleaching gel extracts (Fig. 4a, b).
Interestingly, we found an increase of CD54 expression
after exposure to 0.004% H2O2, and more pronounced is
this effect for the LPS-stimulated cells. This concentration
is at the cytotoxic concentration range (Fig. 2). A signif-
icant increase in CD54 expression can be observed after
exposure to the different concentrations of the bleaching
gel extracts (Fig. 4a, b).
The addition of the antioxidant NAC induced inverse ef-
fects on CD54 expression depending on the concentration of
H2O2 or bleaching gel extracts (Fig. 4a, b). NAC reduced the
CD54 increase especially in the LPS-stimulated cells after
exposure to the H2O2 dilutions and to the bleaching gel ex-
tracts in the non-cytotoxic concentration range. In contrast,
NAC increased CD54 expression in the cytotoxic concentra-
tion range of H2O2 or bleaching gel extracts (Fig. 4a, b). The
GSH inhibitor BSO further increased the CD54 expression,
again especially in the LPS-treated cultures. This effect is
clearly visible for the H2O2 dilutions and for some concentra-
tions of bleaching gel extracts (Fig. 4b).
Production of TNF-α
Without LPS stimulation, no TNF-α could be determined (da-
ta not shown). With LPS stimulation (Fig. 5), H2O2 increased
TNF-α production at non-cytotoxic concentrations (0.002%),
but TNF-α was reduced at higher (cytotoxic) concentrations.
Data for the bleaching gel extracts are inconsistent. A signif-
icant influence of non-cytotoxic concentrations of H2O2 or
bleaching gel extracts on TNF-α release was not detected,
but at cytotoxic concentrations, TNF-α production signifi-
cantly decreased (Fig. 5). Again, the antioxidant NAC reduced
both the stimulation of TNF-α and its depression for all test
substances. The GSH inhibitor BSO had the reverse effect.
Discussion
The aim of the present study was to evaluate the reaction of the
immune system after the exposure to H2O2 containing
bleaching gels and to evaluate the effect of an antioxidant
(NAC) and a glutathione inhibitor (BSO). As macrophages
play a central role in immune reactions, these cells have been
used as target cells. The same cells with and without LPS
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exposure have been used in former studies testing the effects
of dental monomers [30, 39, 40].
One bleaching agent contained—according to the infor-
mation from the manufacturer—40% hydrogen peroxide,
which directly acts as bleaching substance. In contrary,
the second preparation contained 20% carbamide perox-
ide, which liberates hydrogen peroxide to a maximum of
about 6.7% of the preparation [41]. Carbamide peroxide is
a stable complex that breaks down in contact with water
to release hydrogen peroxide [5]. Both preparations also
contain other substances, and in order to modify the effect
of the hydrogen peroxide component. H2O2 dilutions have
been used as controls.
In this study, the EC50 for the H2O2 exposure for 24 h
was 0.0028% H2O2, which corresponds to 0.812 mmol/l.
Reichl et al. [11] reported an EC50 of 0.36 ± 0.04 mmol/l
for H2O2 in human gingival fibroblasts. This indicates
that human gingival fibroblasts react similar to H2O2 than
murine macrophages.
The observed cytotoxicity of the bleaching agents is in
agreement with data from the literature, e.g., showing that
35–40% H2O2 bleaching preparations are cytotoxic in im-
mortalized odontoblasts [42] or in primary culture human
pulp fibroblasts [43]. Even low concentrations (10–20%
carbamide peroxide) were cytotoxic to immortalized
odontoblasts [2], human dermal fibroblasts [44], and hu-
man dental follicle stem cells [44].
In our study, the cytotoxicity of the 40% hydrogen
peroxide bleaching gel extract is 16 to 32 times higher
than the 20% carbamide peroxide gel extract. However,
the potential maximum release of H2O2 is only a factor of
5 higher in the 40% hydrogen peroxide gel (40 vs. 6.7%).
Furthermore, the EC50 data of the gels are much higher
than corresponding data from pure H2O2 assuming that all
available H2O2 from the gels would be present in the
extract. Thus, the toxicity of the gel extracts does not only
depend on the maximum potential H2O2 content or re-
lease. Other factors influence cytotoxicity, like extract
Fig. 2 Viability of RAW 264.7 macrophages after exposure to the
bleaching agents Opalescence PF 20% (20% CP) or Opalescence Boost
40% (40% HP) or hydrogen peroxide (H2O2). A Cells were exposed to
serially diluted extracts of bleaching agents or increasing concentrations
of H2O2 for 1 h in the presence or absence of NAC (5 mM) or BSO
(50 μM). Original optical density readings were normalized to
untreated control cell cultures (100%). Symbols represent median
values (with 25 and 75% percentiles) summarized from four
independent experiments and eight repeats for each dilution or
concentration (n > 24). B Bars show half-maximum effective dilutions
of bleaching agent extracts or concentrations of H2O2 (EC50) which were
calculated from fitted dose–response curves obtained after various expo-
sure periods as described in BMaterial and methods^ section. Differences
between the median EC50 values were statistically analyzed using the
Tukey interval method. Dil.: dilution, NAC: N-acetyl cysteine, BSO:
buthionine sulfoximine. Ba^ denotes significant difference between me-
dian EC50 values observed in cultures treated with 20% CP, 40% HP, or
H2O2 (no additive) and cultures exposed in the presence of NAC. Bb^
denotes significant difference between median EC50 values observed in
cultures treated with 20%CP, 40%HP, or H2O2 (no additive) and cultures
exposed in the presence of BSO. Bc^ denotes significant difference be-
tween median EC50 values observed in cultures treated with 20% CP,
40%HP, or H2O2 in the presence of NACor BSO. "α" denotes significant
difference between median EC50 values observed in cultures treated for
1 h and cultures treated for 1 h with a subsequence 23-h recovery period
(1 + 23 h). "β denotes significant difference between median EC50 values
observed in cultures treated for 1 h and cultures treated for 24 h. "χ
denotes significant difference between median EC50 values observed in
cultures treated for 1 h with a subsequent 23-h recovery period (1 + 23 h)
and cultures treated for 24 h
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conditions or the retarded release of H2O2 by carbamide
peroxide [45].
Interestingly, cell damage after 1-h exposure to H2O2 and
to both bleaching gel extracts was irreversible, since cells did
not recover after removal of conditioned medium and replace-
ment by fresh culture medium. To the best of our knowledge,
similar experiments have not been performed so far.
In the present study, we found no detectable expression of
CD14 and CD40 without LPS stimulations, but increased ex-
pression after LPS stimulation. CD54 was detected without
LPS stimulation but also increased after LPS stimulations.
This is in line with previous studies [30] evaluating the immu-
nological effect of TEGDMAwith and without LPS on RAW
264.7 murine macrophages. D’Anto et al. [26] confirmed
these results. However, at long period exposure time, CD54
was downregulated by LPS.
The decrease of CD14 and CD40 expression after exposure
to H2O2 and bleaching gel extracts at cytotoxic concentrations
is in line with the results of Eckhardt et al. [30] after exposure
to cytotoxic concentrations of TEGDMA. The results of
D’Anto et al. [26] demonstrated that the expression of CD14
and CD40 was significantly increased in the presence of
0.1 mM nickel chloride (non-toxic concentration) in cell
cultures co-stimulated with 0.1 mg/ml LPS. However, when
a high concentration of nickel chloride (0.5 mM) was used for
48 h, CD14 and CD40 were downregulated, decreasing the
expression of these cell surface markers. In the present study,
no upregulation of CD14 and CD40 was found and the down-
regulation is only a consequence of increased cytotoxicity.
Results for CD54 expression showed a different pat-
tern. At non-cytotoxic concentrations of H2O2 or
bleaching gel extract dilutions, CD54 expression was in-
creased without LPS stimulation, but even more so with
LPS stimulation. This is in line with the results of
Eckhardt et al. [30], who demonstrated that LPS and
TEGDMA (even in high concentrations) were able to in-
crease the levels of CD54 up to 81% when compared to
LPS alone stimulation after 24 h. D’Anto et al. [26] also
observed that only the expression of CD54 was still sig-
nificantly upregulated in LPS-stimulated cell cultures
treated with 0.5 mM nickel chloride for 48 h, showing a
different behavior than other surface antigens. CD54 is an
adhesion molecule which is expressed on vascular endo-
thelium and on leucocytes in response to several inflam-
matory stimulations. Upregulation of CD54 expression
increases cell adhesion and cell–cell interaction. It
Fig. 3 CD14 (A) and CD40 (B) expression in RAW 264.7 macrophages.
Cells were exposed to the bleaching agents Opalescence PF 20% (20%
CP) or Opalescence Boost 40% (40% HP) or H2O2 for 24 h in the
presence of LPS. Bars represent medians (plus 25/75 percentiles) calcu-
lated from individual histograms (n = 4–5) normalized to LSP-stimulated
controls (100%). Ba^ denotes significant difference between median
values obtained with 20% CP, 40% HP, or H2O2 (no additive) and cul-
tures exposed in the presence of NAC. Bb^ denotes significant difference
between median values obtained with 20% CP, 40% HP, or H2O2 (no
additive) and cultures exposed in the presence of BSO. Bc^ denotes sig-
nificant difference between median values obtained with 20% CP, 40%
HP, or H2O2 in the presence of either NAC or BSO. "*" denote significant
difference between median values obtained from untreated controls or
controls in the presence of NAC or BSO and cultures treated with various
matching dilutions of 20% CP or 40% HP extracts or concentrations of
H2O2. "+" denotes no statistical analyses because of low sample size (2–
3) obtained in four to five independent experiments as a consequence of
severe cytotoxic effects
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facilitates the attachment of leukocytes to endothelial cells
and allows for the transendothelial migration of leuko-
cytes at inflammatory sites [46].
In the present study, non-cytotoxic H2O2 concentrations
increased TNF-α production in LPS-stimulated cells, after
exposure to bleaching gels, although data were inconsistent.
However, our results are in agreement with those from
Eckhard et al. [30], who demonstrated an upregulation of the
production of TNF-α by TEGDMA only when it was associ-
ated with LPS and in non-toxic concentrations. TNF-α, re-
leased by monocytes and macrophages in response to several
stimuli, acts as a major inflammation mediator [47]. As a
Fig. 4 CD54 expression in RAW 264.7 macrophages in the absence (A)
or presence of LPS stimulation (B). Cells were exposed to the bleaching
agents Opalescence PF 20% (20% CP) or Opalescence Boost 40% (40%
HP) or H2O2 for 24 h. Bars represent median (plus 25/75 percentiles)
calculated from individual histograms (n = 4–6) normalized to LSP-
stimulated controls (100%). Ba^ denotes significant difference between
median values obtained with 20%CP, 40%HP, or H2O2 (no additive) and
cultures exposed in the presence of NAC. Bb^ denotes significant differ-
ence between median values obtained with 20% CP, 40% HP, or H2O2
(no additive) and cultures exposed in the presence of BSO. Bc^ denotes
significant difference betweenmedian values obtained with 20%CP, 40%
HP, or H2O2 in the presence of either NAC or BSO. "*" denote significant
difference between median values obtained from untreated controls or
controls in the presence of NAC or BSO and cultures treated with various
matching dilutions of 20% CP or 40% HP extracts or concentrations of
H2O2. "+"denotes no statistical analyses because of low sample size (2–3)
obtained in four to five independent experiments as a consequence of
severe cytotoxic effects
Fig. 5 TNF-α produced in RAW 264.7 macrophages. Cells were
exposed to the bleaching agents Opalescence PF 20% (20% CP) or
Opalescence Boost 40% (40% HP) or H2O2 for 24 h in the presence of
LPS. Bars represent median (plus 25/75 percentiles) calculated from in-
dividual values obtained from independent experiments (n = 4–6). Ba^
denotes significant difference between median values obtained with 20%
CP, 40% HP, or H2O2 (no additive) and cultures exposed in the presence
of NAC. Bc^ denotes significant difference between median values
obtained with 20% CP, 40% HP, or H2O2 in the presence of either NAC
or BSO. "*" denote significant difference between median values obtain-
ed from untreated controls or controls in the presence of NAC or BSO and
cultures treated with various matching dilutions of 20% CP or 40% HP
extracts or concentrations of H2O2. "+" denotes no statistical analyses
because of low sample size (2) obtained in four independent experiments
as a consequence of severe cytotoxic effects
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powerful immune modulator, TNF-α is involved in systemic
inflammation and is a member of the cytokines that stimulate
the acute-phase reaction [48, 49]. TNF-α gene expression was
upregulated after 15-min exposure by 17.5% hydrogen perox-
ide [49]. Thus, it can be concluded that even at non-cytotoxic
concentrations of bleaching, gel extracts may increase an in-
flammatory reaction.
For all tested endpoints (cytotoxicity, cell surface markers,
and TNF-α), the antioxidant NAC decreased the effects and
the GSH inhibitor BSO increased them. BSO had a reverse
effect, as it selectively inhibits the first step enzyme of GSH
synthesis thus leading to the further antioxidant GSH deple-
tion [32]. NAC is the N-acetyl derivative of the amino acid L-
cysteine and is a precursor of the antioxidant glutathione; the
thiol (sulfhydryl) group is responsible for the antioxidant ef-
fects [34, 50]. Several effects are attributed to NAC as a po-
tential protector against cytotoxicity and genotoxicity [32, 51].
Furthermore, NAC blocks the intracellular generation of ROS
preventing apoptosis [52]. So, the protective mechanism of
NAC may be based on both reducing the H2O2 concentration
in the exposure extract and counteracting the endogenous
H2O2 being increased as a result of GSH depletion and the
resulting ROS imbalance [22, 53]. Our data demonstrate the
central role of GSH.
It might be speculated to use NAC in bleaching prep-
arations in order to reduce their cytotoxicity. This has,
e.g., been proposed for acrylates, and indeed, a reduction
of cytotoxicity was demonstrated for bone cements con-
taining NAC [54]. However, for hydrogen peroxide-based
bleaching agents, the use of the antioxidant NAC in such
preparations may also reduce the bleaching effect, al-
though NAC mainly acts intracellularly.
From our data, it is obvious that the mechanisms involved
in the toxicity of bleaching agents are very similar if not iden-
tical with effects induced by pure hydrogen peroxide used as a
positive control here. Cells were efficiently protected from
cytotoxicity caused by pure hydrogen peroxide and extracts
of the 40% hydrogen peroxide bleaching gel or 20% carbam-
ide peroxide gel in the presence of NAC. Likewise, cytotoxic
effects increased in the presence of BSO because the level of
the non-enzymatic antioxidant glutathione was decreased as
shown previously [32]. The weaker cytotoxic effect of the
20% carbamide peroxide gel compared to the 40% hydrogen
peroxide bleaching gel indicated the lower amounts of perox-
ides included in the carbamide peroxide gel and the fact that
the amount of hydrogen peroxide is lower because it origi-
nates form carbamide peroxide (CH6N2O3) decomposition. It
has been suggested recently that levels of hydrogen peroxide
exceeding the capacities of cellular antioxidants to maintain
redox homeostasis are a major cause of oxidative stress lead-
ing to oxidative DNA damage which triggers apoptotic cell
death [40]. Yet, no increase in the secretion of the pro-
inflammatory cytokine TNF-α was detected in cells treated
with appropriate concentrations of 40% hydrogen peroxide
or 20% carbamide carbamide peroxide bleaching gels. It is
possible that inflammation observed in human pulp tissues
after bleaching is a consequence of necrosis rather than a
response to bleaching agents per se [55]. The low H2O2 con-
centrations which increased LPS-stimulated TNF-α secretion
in the present study may positively interfere with nitric oxide
produced through LPS-induced activation of nitric oxide syn-
thase (iNOS) [56].
Conclusion
All tested bleaching gels and the hydrogen peroxide were
cytotoxic to murine macrophages at low concentrations.
After a 1-h exposure, cells did not recover from the cytotoxic
effects. This effect can be mitigated by the addition of an
antioxidant as NAC and increased by the GSH inhibitor
BSO. CD54 expression was increased with and without LPS
stimulation indicating an initiation of an inflammatory reac-
tion at non-cytotoxic concentrations.
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